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Abstract. On October 19, 1996, a large underthrusting
earthquake (Ms = 6.7), the Hyuga-nada, Japan, earthquake
occurred aong the southern end of Nankai trough. About two
months later, a second large earthquake (Ms =6.7) occurred in
the adjacent region. We study the source process of the two
large earthquakes in the Hyuga-nada region and compare the
coseismic rupture area with aftershock distribution. The main
source parameters obtained for the first mainshock are: (strike,
dip, rake) = (2100,12(1,810); the seismic moment Mo = 2.3
x 10" Nm (Mw = 6.8); the rupture area S= 20x 15 kn¥, and
the source duration T = 17 s. For the second main-shock,
(strike, dip, rake) = (21001,120,8701); the seismic moment
Mo = 1.5x 10" Nm (Mw = 6.7); the rupture area S= 18x 18
kn?, and the source duration T = 15 s. The cosgismic rupture
areas do not overlap the aftershock area, while the aftershock
areas of the two main-shocks mutually overlap. This implies
that the common aftershock region takes a role of barriers to
dynamic rupture. It is also seen that the aftershock area
expanded during the first one day.

1. Introduction

A large earthquake with M,6.7 occurred on October 19,
1996 in the Hyuga-nada, Kyushu, Japan. About two months
later, another large earthquake with M6.7 occurred in the
adjacent region. The source information is given in Table 1.
The cumulative number of earthquakes (M 2) from
October 1st to December 31st in 1996 in Hyuga-nada region
is given in Figure 1. Centroid moment tensors of both
earthquakes are quite similar [Dziewonski et al., 1998]. The
aftershock distributions as well as the focal mechanism
suggest that both earthquakes are low-angle thrust along the
plate boundary between the Philippine Sea Plate and the
Eurasian Plate.

In this paper, we derive the details of the rupture process of
the above two earthquakes using near-field records and GPS
displacement vectors, and examine the relationship between
coseismic rupture area and aftershock area.

2. Dataand Method

We retrieved acceleration data recorded at K-NET stations
[National Research Institute for Earth Science and Disaster
Prevention (NIED)] [Kinoshita, 1998]. 25 components at 11
stations were used to investigate the source rupture process of
main-shocks. Strong motion seismograph stations used in our
analysis are shown in Figure 2b. The acceleration data were
numerically integrated and bandpassed between 0.05 and 0.4
Hz.

In addition to the seismic data, we aso used GPS
displacement data obtained by the continuous GPS network of
Geographical Survey Ingtitute [Tada et al., 1997]. This
continuous GPS displacement must consist of coseismic and



postseismic displacement caused by the Hyuganada
earthquake [Nishimura et al., 1999] and Tanegashima
earthquake [Origin time: 10h50m24.3s, October 18, 1996
(GMT), epicenter: 30.63000 N, 131.0630 E, depth: 10.0km,
Ms: 6.6 (USGS)]. We modeled the coseismic displacement as
a step function and the postseismic displacement as an
exponential function: [1 — exp (-t/T)], to determine the
coseismic and the postseismic displacements by the least
squares method.

We employed a multipletime window inversion to
determine the temporal and spatia distribution of fault dip.
Then the constraint of smoothness and positivity were
imposed on the solution. To determine the smoothness
parameter objectively, we adopted the minimum Akaike's
Bayesian information criterion (ABIC) [Akaike, 1980]. The
minimum ABIC has been successfully applied to various
inversion problems [eg. Yoshida, 1989 and Yabuki and
Matsu'ura, 1992]. Green's function was calculated by the
discrete wave number method developed by Kohketsu [1985]
with the underground structure obtained by Iwasaki et al.
[1990] as shown in Table 2.

3. TheHyuga-nada earthquake of October 19

We assumed a single fault plane: (strike, dip) = (2100,
120) which is inferred from the aftershock distribution,
moment tensor solution Pziewonski et al., 1998] and the
velocity structure by Ichikawa [1997]. A grid scheme was
constructed on the fault plane so that it covered the aftershock
area. An area of 32.12x 32.12 knt? were divided into 121

subfaults, each having an area of 2.92x 2.92 knt. Fractional
number of the grid spacing came from the continuation of the
grid scheme to the hypocenter of the next main-shock. The
dip-rate function of each subfault was expanded in a series of
8 triangle functions whose rise time is 0.8 s. The rake was
alowed to vary within the range of 800+ 450. The total
number of the model parametersis 11x 11x 8x 2 = 1936. In
addition we varied the hypocenter depth from 11 to 19 km
with an increment of 4 km and the maximum rupture front
velocity (V ma) from 1.8 to 3.0 km/s. In order to determine the
relative weight between K-NET data and GPS data, we
assumed the standard deviation of the K-NET data as 20% of
the maximum amplitude and the standard deviation of GPS
dataas 0.5 cm.

The minimum variance was found for hypocenter depth =
15 km and V.., = 22 km/s. The hypocenter depth is
consistent with the plate boundary obtained by the ocean
bottom seismographic surveys [Ichikawa, 1997]. Figure 2
displays a comparison of the observed records (black) with
the synthetics (red). The waveform fit seems rather good. The
difference of a factor of 2 may be accounted for by a local
structure effect. Figure 3 represents the spatia distribution of
the coseismic dip and the moment rate function obtained in
this study. The total seismic moment is 2.3x 10" Nm and the
duration of moment release is 17 s. A large dlip occurs about
3 km west from the hypocenter, where the maximum dip is
about 2.9 m. The fault areais 20x 15 kn?. The average rake
is 8100, which is consistent with the moment tensor solution
[Dziewonski et al., 1998].

The aftershock activity seems to be low in the asperity
where large dlip occurred, and very high at southern portion
outside the asperity. The aftershock area amounts to about 35
x 30 kn? which is significantly larger than the coseismic
rupture area.



4. The Hyuga-nada earthquake of December 2

We used the same fault strike as the first main-shock. The
dip angle of the fault planeis not well constrained by the plate
boundary structure found in the literatures [e.g. Ichikawa,
1997] nor by the aftershock distribution. Therefore, we tried
to determine the dip angle in inversion procedure.

In order to obtain a gross feature as well as some detail of
the rupture process, we divided the procedure into two steps.
At the first step, we took a broad fault area of 30x 36 knt to
determine the dip angle, hypocenter depth, V... and a rough
estimation of rupture area. The area was divided into 30
subfaults, each having an area of 6x 6 kn?. The dip-rate
function of each subfault was expanded in a series of 3
triangle functions whose rise time is 1.6 s. The minimum
variance was found for dip angle = 1200, depth = 21 km and
V= 2.0 kKm/s. A major dlip took placein an area of 12x 18
kn?. At the second step, we fixed the dip angle, hypocenter
depth and V, ... The fault plane was then confined to 29.2x
29.2 kn? and divided into 100 subfaults, each having an area
of 2.92x 2.92 knt. The dip-rate function of each subfault is
expanded in a series of 6 triangle functions with a rise time of
0.8 s. The number of the model parameters is 10x 10x 6x 2
= 1200. We assumed the same standard deviations of K-NET
data and GPS data as that of the first main-shock.

Figure 4 displays a comparison of the observed records
with the synthetics. The waveform fit seems rather good.
Figure 5 represents a spatial distribution of the coseismic dip
and the moment rate function obtained by the joint inversion.
The total seismic moment is 1.5x 10" Nm. The duration of
moment release is 15 s. The asperity is located at about 10 km
northeast from the epicenter, where the maximum dip is
about 1.4 m. The coseismic rupture area is 18x 18 kn?. The
average rake is 870 which is consistent with the moment
tensor solution [Dziewonski et al., 1998]. The aftershock area
is about 20x 30 kn.

The dip distribution and the aftershock area for both main-
shocks are summarized in Figure 6. It is interesting to note
that this aftershock area does not overlap the coseismic
rupture area, but does the aftershock area of the first main-
shock. Moreover, the aftershock area expanded rapidly during
the first one day after the main-shock (Figures 3 and 5). The
similar phenomenon is reported by Tajima and Kanamori
[1985] and Wesson [1987].

5. Discussion

Coseismic rupture area is often estimated from aftershock
area. However, recent studies on the details of moment
release distribution show that aftershocks tend to expand into
a surrounding area of the coseismic dip region [Mendoza and
Hartzell, 1988, Takeo and Mikami, 1990, Ide and Takeo,
1996]. Our results also show a similar tendency. These
observations suggest that the aftershock area is not necessarily
agood indicator of the coseismic rupture area.

As shown in the Hyuga-nada events, the aftershock area of
the first main-shock was partly re-activated by the second
main-shock. It is very remarkable that re-activated aftershock
area was amost free from coseismic moment release. This
implies that the common aftershock area took a part of
barriers to dynamic rupture in both main-shocks. A similar
evidence is observed in the aftershock distribution of the 1996
Andreanof Idands earthquake. A part of the aftershock area of
the 1986 Andreanof Islands earthquake was re-activated by
the 1996 Andreanof Idlands earthquake [Kisslinger and
Kikuchi, 1997]. It is interesting to note that this aftershock



area had a role of barriers to dynamic rupture at the 1986
Andreanof Idands earthquake [Yoshida, 1992], and the area
had little coseismic moment release a the 1996 Andreanof
Idands earthquake [Kisslinger and Kikuchi, 1997].

Another interesting evidence is that the aftershock area
expanded rapidly during the first one day (Figure 6). The
expansion of aftershock area was prominent especialy in the
common aftershock area. Those suggest that a quasi-static
rupture and/or deformation propagated in the aftershock area
as proposed by Scholz[1990] and Wesson [1987].
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Figure 1. The Cumulative number of earthquakes (M

2) from October 1st to December 31t in 1996 in Hyuga-nada
region [Shimabara Earthquake Volcano Observatory, Faculty
of Science, Kyushu University].

Figure 2. Comparison of the observations (black) with the
caculations (red) for the October 19, 1996 Hyuga-nada
earthquake. @) velocity waveforms at some representative



stations, b) horizontal GPS displacements. The station
location of strong motion records used in our anaysis are
shown by blue triangles.

Figure 3. Comparison between the foreshock (orange
diamonds), the one-hour aftershock (violet circles), the one-
day aftershock (blue circles), and the coseismic fault dip for
the October 19, 1996 Hyuga-nada earthquake. The rectangle
represents the area of the subfaults assumed in the inversion.
The estimation error of location is shown by cross bar. The
inset shows the moment-rate function.

Figure 4. Comparison of the observations (black) with the
caculations (red) for the December 2, 1996 Hyuga-nada
earthquake. @) velocity waveforms, b) horizontal GPS
displacements.

Figure 5. The coseismic fault dip, one-hour aftershock
(violet squares) and one-day aftershocks (blue squares) for the
December 2, Hyuganada earthquake. The rectangle
represents the area of the subfaults assumed in the inversion
(dashed and solid lines represent large and detailed fault
models, respectively). The estimation error of location is
shown by cross bar. The inset shows the moment-rate
function.

Figure 6. Map view of the one-day aftershock for the first
main-shock (blue circles) and for the second main-shock (red
diamonds). Contours show the dip pattern determined in this
study. The contour interval is 0.5m.

Table 1. Source information of two main-shocks determined by Kyushu University.

Date Time Latitude Longitude Depth (km) Ms’
October 19, 1996 14:44:41.9 31.835° N 131.958° E 11.6 6.7
December 2, 1996 22:17:59.5 31.803° N 131.588° E 20.4 6.7

* Ms determined by USGS

Table2. Veocity Structure in Hyuga-nada region..

H Vp Vs p ,1x10° Qp Qs
km km/s km/s kg/m?

15 3.5 2.0 2.3 300 150
8 5.6 3.2 2.6 400 200
15 6.0 3.5 2.8 500 250
24 6.6 3.8 3.0 800 400
30 6.8 3.9 3.0 800 400

00 7.8 4.5 3.2 1000 500
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